Abstract: A general protocol for the coupling of mono-and dihalo-1,10-phenanthrolines with diethyl phosphite is reported. This reaction proceeds smoothly in the presence of a Pd(OAc) 2 /dppf catalytic system and triethylamine as a base.
The palladium-catalyzed reaction of aromatic or vinylic halides with dialkyl phosphites, disclosed by Hirao and co-workers in the 1980s, is widely used for the synthesis of vinyl-, aryl-and heteroarylphosphonates. [1] [2] [3] [4] [5] [6] This reaction is now recognized as a convenient method for the introduction of a dialkoxyphosphoryl substituent in versatile ligands for metal ions, 7, 8 organic building blocks in materials chemistry, [9] [10] [11] [12] and biologically relevant compounds such as peptide mimetics, 13 porphyrins 14 and nucleosides. [15] [16] [17] Prompted by rapidly expanding applications, this reaction has been carefully studied. Numerous practical protocols have been developed, and the choice of the best experimental conditions for new substrates is challenging. Indeed, the product yield depends on the palladium source, ligand and base nature, the reaction solvent and the temperature. 13, 15, [18] [19] [20] [21] In some cases, application of metal salts of diethyl phosphite, 3, 22 potassium acetate additives, 23 biphasic systems 24 or microwave irradiation 16, 17 is needed for efficient coupling.
In the context of our work on organic-inorganic hybrid materials, we have faced the need for diethoxyphosphoryl-substituted 1,10-phenanthrolines. Indeed, the elaboration of new materials using the corresponding phosphonates as molecular precursors [25] [26] [27] [28] [29] is of particular interest for the development of new materials possessing useful photophysical and catalytic properties. Surprisingly, dialkoxyphosphoryl-substituted 1,10-phenanthrolines have not been previously described in the literature. Furthermore, the introduction of a dialkoxyphosphoryl group on the 1,10-phenanthroline backbone using the palladium-catalyzed reaction of the corresponding bromides with dialkyl phosphites may be difficult taking into account the analogous reactions of 2,2′-bipyridine derivatives. 20, 30 Indeed, 1,10-phenanthrolines and 2,2′-bipyridines would compete with tertiary phosphines to coordinate the palladium center, rending the catalytic reaction impractical. Here, we report a convenient protocol for the palladium-catalyzed synthesis of diethoxyphosphorylsubstituted 1,10-phenanthrolines from the corresponding halides which are readily accessible by literature methods.
The reaction of 5-bromo-1,10-phenanthroline (1) with diethyl phosphite was selected as the model reaction (Table  1) . Under Hirao's conditions 2 or using the Pd(OAc) 2 /Ph 3 P catalytic system and triethylamine as a base in toluene at reflux, the product yield was low and an increase in the catalyst loading was inefficient in optimizing the yield (Table 1 , entries 1 and 2). In accordance with the literature data on the reaction of bromo-2,2′-bipyridines with diethyl phosphite, 30 an increase in the ligand amount to 10 equivalents [ratio Ph 3 P/Pd(OAc) 2 = 100:1] allowed the target product to be obtained in 46% yield (Table 1, entry  3) . Under these conditions, a complete conversion of the bromide 1 was observed; however, more than three products were detected in the reaction mixture by 1 H and 31 P NMR spectroscopy, the mono salt 3 being the major byproduct (Scheme 1). Compound 3, resulting from dealkylation of the desired phosphonate 2 by triethylamine or triphenylphosphine, was isolated in 23% yield by column chromatography. 31, 32 It is worth noting that the amount of the dealkylation product increased in the presence of a large excess of triphenylphosphine. Such a result should be due to the reaction of triphenylphosphine with diethyl phosphonate 2 under these conditions, because of its higher nucleophilicity; 33 however, the ethyl phosphonate 3 was obtained predominantly as the triethylammonium salt, resulting from ion exchange with triethylammonium bromide formed during the catalytic reaction.
Scheme 1
Considering the competition of phenanthroline 1 and triphenylphosphine to coordinate the palladium center and the difficulties related to the product purification from an excess of triphenylphosphine, for further optimization we employed bidentate ligands, which coordinate much stronger to the palladium ion. 1,1′-Bis(diphenylphosphino)ferrocene (dppf) is known to be efficient for the catalytic phosphorylation of various aryl halides. 15, 32 Even under these conditions, a quite high loading of the catalytic system Pd(OAc) 2 /dppf was needed to obtain the full conversion of bromide 1. If 5/10 mol% of Pd(OAc) 2 /dppf was used, the reaction was completed only in 20 hours and the target product 2 was isolated in 80% yield (Table 1 , entry 4). When 10/20 mol% of Pd(OAc) 2 /dppf was employed, a full conversion and a similar yield of the isolated product was obtained after 8 hours (Table 1 , entry 5).
Then, these optimized conditions were used for the functionalization of isomeric halo-1,10-phenanthrolines 4-6, namely 3-bromo-, 4-bromo-and 2-chloro-1,10-phenanthroline (Table 2) .
3-Bromo-1,10-phenanthroline (4) was the most reactive compound and its full conversion was observed after 5 hours, even if the catalyst loading was quite low [5/10 mol% of Pd(OAc) 2 /dppf]; diethyl phosphonate 7 was isolated in 81% yield (Table 2, entry 1). Less reactive bromide 5 and chloride 6 were reacted with diethyl phosphite employing 10/20 mol% of Pd(OAc) 2 /dppf and 20 hours were needed for a complete conversion of the starting halides. The target diethyl phosphonate 9 was isolated in good 71% yield (Table 2 , entry 4). The reaction of bromide 5 was more complicated. The chemoselectivity and the product yield were significantly lower than those of halides 4 and 6 (Table 2, entry 2). The product yield was increased when dioxane was used as a solvent (Table 2 , entry 3); however, even under these experimental conditions, the chemoselectivity of the reaction was quite low and only half of the starting bromide 5 reacted with diethyl phosphite to give the desired product. Interestingly, reaction of the isomeric symmetric dihalo-1,10-phenanthrolines 10-12 with diethyl phosphite under these conditions is more rapid than the corresponding monosubstituted halides 4-6 (Table 3 ). It appears that both steps of the reaction proceed smoothly, the first being accelerated by a higher concentration of diethyl phosphite and the second by a higher reactivity of the monophosphorylated intermediate compounds. Indeed, intermediate monophosphonate derivatives were never observed in the reaction mixtures ( 1 H and 31 P NMR monitoring). A priori, an electron-withdrawing substituent on the 1,10-phenanthroline moiety enhances the rate of the coupling reaction. 34, 35 Moreover, the reactivity of the different isomers in the series of mono-and disubstituted halides is different (bromide 4 is more reactive than dibromide 10, but chloride 6 reacts more slowly than dichloride 12), and 4,7-dibromo-1,10-phenanthroline (11) is more reactive than bromide 5 and provides a better yield of the product.
Taking into account recent data on the positive effect of potassium acetate additives on the cross-coupling of aryl halides with diethyl phosphite in tetrahydrofuran, 23 such conditions were tested for the halo-1,10-phenanthrolines. The reactions of the 3-bromo, 5-bromo and 4,7-dibromo derivatives with diethyl phosphite were carried out using 10/20 mol% of Pd(OAc) 2 /dppf and triethylamine in tetrahydrofuran, with and without potassium acetate additives. All studied cross-coupling reactions proceeded slowly in refluxing tetrahydrofuran compared to the corresponding coupling in toluene at reflux. For example, potassium acetate did accelerate the reaction of 3-bromo-1,10-phenanthroline (4) with diethyl phosphite in tetrahydrofuran; however, the reaction was still slow and the reaction yield was worse than that in toluene. In conclusion, a general and structurally tolerant synthetic procedure for the synthesis of diethyl phosphonate derivatives of 1,10-phenanthroline was developed. A Pd(OAc) 2 /dppf catalytic system is efficient for the coupling of mono-and dihalo-1,10-phenanthrolines with diethyl phosphite in the presence of triethylamine in toluene at reflux. Currently, we are studying the coordination properties of these ligands.
All chemicals except the halo-1,10-phenanthrolines were of commercial quality (Aldrich, Acros) and used from freshly opened containers. 5-Bromo-1,10-phenanthroline (1), 36 3-bromo-1,10-phenanthroline (4), 37 4-bromo-1,10-phenanthroline (5), 38 2-chloro-1,10-phenanthroline (6), 39 3,8-dibromo-1,10-phenanthroline (10), 
Method B (Table 1, Entry 3)
Prepared from 5-bromo-1,10-phenanthroline (1; 130 mg, 0.5 mmol), Pd(OAc) 2 (11.2 mg, 0.05 mmol), Ph 3 P (1.31 g, 5 mmol), HP(O)(OEt) 2 (77 μL, 0.6 mmol) and Et 3 N (80 μL, 0.6 mmol) in toluene. The reaction mixture was chromatographed (CH 2 Cl 2 -MeOH, 98:2) to give the diethyl phosphonate 2 which was isolated as a yellow oil; yield: 73 mg (46%).
Elution with 25% NH 3 -MeOH-CH 2 Cl 2 (1:4:20) gave triethylammonium ethyl 1,10-phenanthrolin-5-ylphosphonate (3) as a yellow oil; yield: 45 mg (23%); purity >85% [impurity signals in the 1 H and 31 P NMR spectra are tentatively assigned to the tetraethylammonium salt (5%) and ethyltriphenylphosphonium salt (10%)].
